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Abstract

Inspired by nepenthes pitcher plants, the slippery liquid-infused porous surfaces have received extensive attention. In its
practical application, good oil storage and oil-locking ability are important guarantee for the surface to maintain the interface
performance for a long time. In this paper, mesoporous silica (KCC-1) was obtained by cetyltrimethylammonium bromide
(CTAB) as template agent, urea as a hydrolyzing agent, and TEOS as silicon source reagent, then modified with (3-Amino-
propyl) trimethoxysilane. Then combined with the breath figures, amino-modified mesoporous silica, 3,3’-4,4’-biphenyltet-
racarboxylic dianhydride (S-BPDA), 2,2’-bis[4-( 4-aminophenoxyphenyl)]propane (BAPP) were used as raw materials to
prepare polyimide SLIPS with good stability by a two-step method. The wettability and stability of SLIPS were investigated,
and the results show that the introduction of mesoporous silica inorganic nanoparticles enhanced the performance of SLIPS.
Among them, the sliding angle of polyimide SLIPS with a nanoparticle content of 10% is 2°, which has good self-cleaning
performance, antifouling performance, and stability.
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Introduction

Polyimide is widely used in aerospace and electronics
industries due to its excellent mechanical properties, thermal
stability, and chemical resistance [1-4], polyamide acid solu-
tion which is the precursor of polyimide has excellent adhe-
sion to glass, single crystal and metal surfaces after proper
heat treatment [5]. In the past ten years, more and more
researchers have begun to use polyimide to prepare porous
membranes [6]. Martinez-Gémez [7] prepared an aromatic
polyimide porous membrane containing PEO branches,
which has high resistance to Staphylococcus aureus, and the
increase of PEO content in the copolymer reduces bacterial
adhesion. Breuning [8] used solvents with different boiling
points and different polarities in the preparation process to
generate layered pores in sponge-like polyimide, which has
higher CO, selectivity and absorption rate. Ye [9] prepared
oil-impregnated porous polyimide materials by laser scan-
ning method and found that reasonable control of the surface
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pore size can improve the oil-locking rate and reduce the
friction coefficient of oil-impregnated PPI materials. This
provides ideas and data support for the design of SLIPS for
polyimide polymers.

Micro- and nano-scale porous materials can be used in
optics, biomedicine, self-cleaning and other fields [10-12].
However, in the process of its application, the micro-sized
pollutants will be deposited in the micro-nano structure
gap, resulting in the loss of self-cleaning performance on
the surface of the porous material. To solve this problem,
scientists were inspired by nepenthes pitcher plants and suc-
cessfully prepared a liquid-infused porous surface with a
lubricating effect, namely “slippery liquid-infused porous
surface” (SLIPS) [13]. SLIPS has excellent properties such
as self-cleaning [14, 15], self-healing [16], anti-icing [17,
18], and anti-fouling [19, 20]. But for SLIPS materials, the
weak interaction between matrix and lubricant is its inherent
disadvantage, which can lead to the loss of surface lubricant,
and limit the practical application of SLIPS [21]. In practical
applications, stability is an extremely important factor, and it
is of great significance to prepare SLIPS with good stability.

In this paper, mesoporous silica was introduced to prepare
polyimide SLIPS with good stability by the breath figures.
Mesoporous silica (KCC-1) is obtained by the reaction of
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Scheme 1 The synthetic route to prepare the KCC-1-NH,

cetyltrimethylammonium bromide (CTAB), urea, and TEOS.
KCC-1 was modified with KH-540 and reacted with APT-
PDMS, BAPP and S-BPDA to form polyamide acid, com-
bined with the breath figures(BF) to prepare porous structure
substrates, poured into silicone oil, and finally obtained a
series of polyimide SLIPS. At present, there are few reports
on the preparation of SLIPS related to polyimide. In this
paper, nano-mesoporous silica was innovatively introduced
into the main chain of polyimide to prepare SLIPS with
excellent comprehensive performance, and their stability and
sliding performance are better than those of SLIPS prepared
by blending polyamide acid and mesoporous silica. This
paper provides a new method for preparing durable SLIPS.

Experimental section
Materials

Octamethylcyclotetrasiloxane (D,, 98% purity), 1,3-bis(3-
aminopropyl) tetramethyldisiloxane, 3,3’-4 ,4’-biphenyltet-
racarboxylic dianhydride (S-BPDA) were purchased from
Aladdin Reagent Co., Ltd. Tetramethylammonium hydrox-
ide ((Me),NOH), KH540, 2,2’-bis[4-(4-aminophenoxy)
phenyl]propane (BAPP) were purchased from Shanghai
McLean Biochemical Technology Co., Ltd. Cetyltrimeth-
ylammonium bromide (CTAB), ethyl orthosilicate (TEOS),
urea, cyclohexane, 1-pentanol, Trichloromethane (analyti-
cal grade), toluene (analytical grade) were purchased from
Sinopharm Group Chemical Reagent Co., Ltd., anhydrous
ethanol and N-N dimethylacetamide were purchased from
Shanghai Lingfeng Chemical Reagent Co., Ltd.

Experimental process
Synthesis of KCC-1 and KCC-1-NH2

1 g of CTAB was added to10 mL distilled water and after
addition of 0.5 g urea, the mixture was stirred for about
3 h at room temperature. Then, the mixture of 2 g TEOS,
30 mL cyclohexane and 1.5 mL pentanol was added to the
flask and sonicated for 30 min. Afterwards, the mixture was
heated at 80 °C for 4 h and subsequently refluxed at 60 °C
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for 24 h. The collected KCC-1 was washed with water and
ethanol three times. Finally, the KCC-1 was dried in an oven
at 60 °C for 24 h (Sch 1) .

Mix 5.37 g KH540, 19.3 g ethanol and 1.43 g water
for 30 min sonication. At the same time, 0.6 g of KCC-1
was dispersed on 10 mL toluene and sonicated for 30 min.
Then KH540, ethanol and water were poured into toluene,
refluxed at 80 °C for 24 h, the precipitate was washed three
times with ethanol and dried at 80 °C for 24 h to obtain
KCC-1-NH,.

Synthesis of APT-PDMS

The mixture of 29.7 g octamethylcyclotetrasiloxane (D,),
2.5 g 1,3-bis(3-aminopropyl) tetramethyldisiloxane and 0.6 g
(Me),NOH was added to the three-necked flask reacted at
105 °C in a dry nitrogen environment. After 18 h of reaction,
the system was heated to 180 °C to degrade the catalyst, and
the temperature was lowered to below 160 °C to remove low-
boiling small molecular impurities and other by-products.
Finally a colorless viscous amino-terminated polydimethyl-
siloxane (APT-PDMS) liquid is obtained.

Synthesis of polyamide acid

Weigh an appropriate amount of KCC-1-NH,, APT-
PDMS, BAPP and dissolve them in DMACc solution (12
wt%) and stir for 30 min. Then S-BPDA was added three
times. The system was reacted in a vacuum state at room
temperature for three hours to obtain a polyamide acid,
and the obtained polyamide acid was dried in a vacuum
oven at 100 °C. Without introducing APT-PDMS, KCC-
1-NH, and APT-PDMS, two groups of control polyamide
acids were prepared in the same way, named P1 and P2
respectively (Table 1).

Weigh an appropriate amount of P2 and KCC-1 for blend-
ing to prepare SLIPS (the content is shown in Table 2), and
name them as 1, 2, 3 and 4 respectively.

Preparation of SLIPS

Porous honeycomb films were prepared by using the BF
method. First, copolymer (30 mg) was dissolved in CHCl,
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Table 1 Monomer addition Samples ~ KCC--NH,  APT-PDMS  BAPP S-BPDA  KCC-1-NH, SiO,APT-
formula of PI copolymer ratio PDMS

P1 0 0 0.8210 g 0.5938 g

P2 0 2.1024 g 0.5747 g 0.5938 g

P3 0.1447 g 17557 g 0.4310 g 0.5938 ¢ 5% 1:12

P4 0.2894 ¢ 1.5768 g 0.4310 g 0.5938 ¢ 10% 1:2.5

P5 0.7236 g 1.1461 g 0.4310 ¢ 0.5938 ¢ 25% 1.5:1

P6 1.1570 g 07112 g 0.4310 ¢ 0.5938 g 40% 1.6:1

Table 2 Monomer dosage formula prepared by blending PI and KCC-
1

Samples P2 KCC-1 KCC-1 ratio
1 285¢g 15¢g 5%

2 27 g 3g 10%

3 225¢g 75¢g 25%

4 18¢ 12¢g 40%

Solvent evaporation

(1 mL) solvent, and sonicate the solution for 10 min to
ensure complete dissolution. Take 100 ~200 pL casting
solution to the 2 x 2 cm? glass piece by pipette and allowed
to self-assemble in a constant temperature water tank at
40 °C for one hour. The obtained porous substrates were
cured at high temperatures: 100, 200, and 300 °C solid-
ify 1 h, respectively. Finally, polydimethylsiloxane was
poured, and the glass slide was placed vertically for at
least 12 h to obtain a series of PI SLIPS (Sch 2) .
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Scheme 2 Shceme? Preparation process of SLIPS
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Characterizations

The structures and compositions of the PI materials were
characterized by Nicolet Avatar 370 Fourier transform
infrared spectrometer (Wisconsin, America), APT-PDMS,
KCC-1 and KCC-1-NH, use KBr tableting for sample
preparation, with 16 scanning times; polyimide uses
ATR, with 32 scanning times, and the scanning range is
400—4000 cm~!. Thermogravimetric analysis (TGA) was
measured on a Netzsch thermal analysis system(Selbu,
Germany) at a scan rate of 20 °C/min in N,. ZEN3600
laser particle size analyzer was used for the zeta potential
test. The water contact angle was tested with a Zhongchen
JC2000D1 at room temperature. Water and some common
liquids are used as solvents and control the droplet size to
5 pL. The surface morphologies of the porous substrates
were investigated by scanning electron microscopy (SEM)
on JSM-IT100 from JEOL. The oil retention was recorded
per 10 min using the YJ-250 A glue dispenser of Beijing
Jie Yali Technology Co., Ltd. The operation revolving
speed was 3000 rpm. The oil content and oil retention
were calculated with the following equations:

. . m; — nyg
Oil retention = —— X 100% )
m— my
In the formula, m,, is the weight of pure porous substrate,
m is the weight of porous substrate impregnated with lubri-
cants, and m; is the weight of porous substrate impregnated
with lubricants after being centrifuged for a period of time(t).
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Results and discussion
Modification analysis of KCC-1

FTIR was applied to approve the proper functionaliza-
tion of the KCC-1 with -NH,. As shown in Fig. 1(a), the
characteristic peaks of the silica based materials could be
observed in the range of 1013 to 1112 cm™! representing the
Si-O-Si asymmetric stretching and Si-OH peak is observed
at 850 cm™! which representsthe stretching vibration and
asymmetric bending.

The zeta potential of KCC-1 and KCC-1-NH, dispersed
in distilled water was detected. The surface of KCC-1 is
rich in hydroxyl groups and displays negative charge(-13.2
mv). However, after modification, the zeta potential of
KCC-1-NH, is 16.7 mV, which is due to the reaction
between APTS and KCC-1 to form a covalent bond, show-
ing a positive charge.

Thermogravimetric analysis of KCC-1 and KCC-
1-NH, was carried out under a nitrogen atmosphere. The
thermogram of KCC-1-NH, (Fig. 1b) shows that the total
weight loss is approximately 21.55% of its initial weight:
The first stage is below 140 °C, and its weight loss mainly
comes from the evaporation of water. In the second stage,
in the range of 150-700 C, the weight loss rate of KCC-
1-NH, (b) was higher than that of KCC-1 (a), mainly due
to the grafted APTS molecules from the surface of KCC-
1. These results again demonstrate the successful modi-
fication of KCC-1.

100 a-KCC-1
—— b-KCC-1-NH,
a
95
90
85
80

T T T T T T T
100 200 300 400 500 600 700 800
Temperature(°C)

Fig. 1 (a) FT-IR Spectra of KCC-1 and KCC-1-NH, (b)TGA analysis of KCC-1 and KCC-1-NH,
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Structural and compositional characterization
and thermal stability analysis

FTIR indicates the successful synthesis of APT-PDMS.
As shown in Fig. 2(a), the stretching vibration absorption
peak of -NH, appears at 3392 cm™, the peaks at 2905 cm™'
and 2962 cm™! come from the stretching vibration absorp-
tion peak of the methyl group connected to silicon atoms
in the main chain and the characteristic peaks of the silica
based materials could be observed in the range of 1020 to
1094 cm™! representing the Si-O-Si asymmetric stretching.

Curve a in Fig. 2(b) is the infrared absorption of the
polyimide film without polysiloxane. The asymmetric and
symmetric carboxyl strength of the imide ring around 1772,
1719 cm™!, C-N stretching around 1363 cm™! are charac-
teristics of polyimide, indicating that the polyimide was
successfully prepared in the experiment. Compared curve
a, curve b has stretching vibration absorption peaks of -Si-
O-Si- at 1010 cm™! and 1069 cm™, which proved the suc-
cessful introduction of APT-PDMS into the polyimide film.
Curve c is the infrared spectrum of the nano-silica treated by
ultrasonic and centrifugation after polymerization. The fea-
tures of P4 are further demonstrated by peaks at 1771 cm™!

(C=0 asymmetric stretching), 1718 cm™! (C=0 asym-
metric stretching), 1380 cm™" (C-N asymmetric stretching),
which proved the successful introduction of KCC-1-NH,
into the reaction chain.

The thermal stability of P1, P2 and P4 were investigated by
thermogravimetric analysis, as shown in Fig. 2(c) and (d). The
temperature of 10% weight loss of P1, P2 and P4 is 572 °C, 482
°C and 509 °C respectively, all above 450 “C. After the introduc-
tion of APT-PDMS and KCC-1-NH,, flexible macromolecular
and rigid nanoparticles became a component of polyimide com-
posites, which destroyed the regularity and symmetry of the
polyimide, resulting in the thermal decomposition temperature
of P2 and P4 is lower than P1. The decomposition of P4 around
400 °C is caused by the decomposition of APTS. Overall, the
three groups of PIs have good thermal stability.

SEM analysis of porous substrates

Figure 3(a) shows the scanning electron microscopy of
KCC-1. It can be seen that KCC-1 is spherical as a whole,
the surface is not smooth, shows a wrinkled shape, and the
particle size is relatively uniform, indicating that KCC-1
microspheres were successfully prepared.

Fig.2 (a) FTIR spectra of the
APT-PDMS (b) FTIR spectra of @
the polyimides (a.P1 b.P2 c.P4)
(¢) TGA curves of the PI series
under N, atmosphere (d) DTG
curves of the PI series under N,
atmosphere
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Fig.3 SEM images of (a) KCC-1 and the porous films obtained for
polymers (b) P1, (c) P2, (d) P3, (e) P4, (f) P5, (g) P6

As shown in Fig. 3, through BF, the substrate surface
prepared by the P1-P6 polymer has formed holes. When
the water drops to the porous surface, the air in the hole
will lift the water drops to make them round, and the sur-
face of P1-P6 porous substrate presents Wenzel state. The

@ Springer

water drops are pinned on the surface, and will not fall off
after turning 90° and 180°. P2 introduces a flexible seg-
ment (APT-PDMS) to form a siloxane-containing polyam-
ide acid. During the self-assembly process, the molecular
chain is easier to move, the formed holes are denser than P1,
and the static contact angle is increased from 110° to 138°.
Compared with Fig. 3(c), Fig. 3(d) formed a smaller hole
size, because the introduction of KCC-1-NH2 transforms the
linear polyimide chain into a crosslinked network structure,
which restricts the molecular chain movement. At the same
time, the introduction of inorganic nanometers increases
the roughness, and the contact angle is further improved,
reaching 142°. The ratio of KCC-1-NH, in Fig. 3(e) is
10%, the formed pores are about 1-2 pm, and the contact
angle reaches 145°. As the ratio of KCC-1-NH, increases,
the movement of molecular chains during self-assembly
becomes more and more difficult. As shown in Fig. 3(f), the
substrate surface is composed of large pores about 3 pm and
countless small pores. The connection with the large hole is
formed by the accumulation of numerous small holes, and
the contact angle is 152°, which is super-hydrophobic. While
(g) does not form obvious holes, its surface owns a certain
roughness, and the contact angle is 151°.

Wettability analysis

From Tables 3 and 4, it can be seen that a series of poly-
imide SLIPS prepared with CHCI; as solvent have ultra-
slippery properties. Water droplets can slide on the surface,
which proves that the silicone oil is poured into the porous
rough structure to form a continuous and uniform oil layer
on the surface, and the sliding angle of SLIPS-P4 is the
lowest, SA=2°, as shown in Fig. 4. In Table 5, the sliding
angles of SLIPS prepared by blending polyamide acid and
mesoporous silica are higher than those of SLIPS prepared
by polyimide compounded with silica.

Stability analysis

The stability of lubricating oil is the basis for the excellent
performance of SLIPS. Under the time of long -term place-
ment, the loss of lubricating oil will cause the exposure of
the rough structure of hydrophobic oil, making the droplets
and pollutants easily adhere to the surface. Therefore, good
oil storage and oil locking ability are important features for
the lubricating oil injection surface to maintain the interface
performance for a long time. The durability of polyimide
SLIPS was characterized by accelerated lubricating oil loss
tests in harsh environments with high-temperature evapora-
tion and high centrifugal shear.

The 6 groups of SLIPS were placed in an oven at 100 °C,
and their contact angles, sliding angles and weights were
recorded. At high temperature, the continuous and uniform
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Fig.3 (continued)

Table 3 Wettability analysis of

CHCI, The WCA of ~ The CAof  TheSAof  KCC-1-NH, KCC-I-
porous membranes and SLIPS porous films SLIPS SLIPS ratio NH,:APT-
PDMS

P1 30 mg/ml 110° 100° 10° 0

P2 138° 103° 40 0

P3 142° 105° 30 5% 1:12
P4 145° 104° 20 10% 1:2.5
P5 152° 107° 30 25% 1.5:1
P6 151° 110° 6° 40% 1.6:1

Table 4 Compare the SA of different SLIPS

Preparation Materials Preparation method SA  Reference

PTFE/Zn(Ac),/NaCl dip-coating method  8.5° [22]

PES/PVDF-HFP/APT-TiO, Sol-gel method/ 10°  [23]
Spraying method

Glucose/PDMS Template method 20°  [24]

APT-PDMS/KCC-1-NH,/  BF 2° This work

BAPP/ S-BPDA

Table 5 Wettability analysis of porous membranes and SLIPS pre-
pared by blending PI and KCC-1

CHCl, The WCA of The CA  The SA of KCC-
porous films  of SLIPS  SLIPS 1-NH,
ratio
1 30 mg/ml  129° 100° 5° 5%
2 133° 101° 5° 10%
3 142° 104° 5° 25%
4 144° 106° 7° 40%

lubricating oil layer formed on the porous surface will be
destroyed, exposing part of its rough structures and increas-
ing the contact angle, as shown in Fig. 5(a). Among them,
the contact angle of SLIPS-P4 increased from 104° to 108°,
and the change was only 4°.

Fig.4 Droplet sliding images on the SLIPS (P4)

Figure 5(b) shows the quality change of lubricating oil
within 7 days, the evaporation rates of SLIPS-P1-P6 are
2.2%, 1.1%, 0.6%, 0.5%, 0.7%, 1.3% respectively, and the
evaporation rate of SLIPS-P4 after 7 days is only 0.5%. Fig-
ure 6(d) shows the wetting property of the SLIPS over a
7 day period. The tilting angle was measured by examining
a 5 uL water droplet slipping down the surfaces. The SLIPS-
P4 is still the best.We speculate for three reasons: (1) Lubri-
cating oil and network structure depend on the force between
molecularity. Polyxia oil is similar to the silicane structure in
polyanide, increasing the interaction. (2) Mesoporous silica
itself can store part of the silicone oil. (3) SLIPS-P4 forms a
closed-cell structure and has a large capillary force.

In the practical application of SLIPS, the larger shear
force will destroy the capillary effect and reduce the oil
holding capacity. To further characterize the lubricating
stability of SLIPS, a glass flake sample was placed in the
center of a spin coater, and the centrifugal force of the spin
coater was used to simulate shear conditions. As shown in
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Fig.5 (a) Variation of SLIPS
static contact angle within 7
days; (b) Mass loss of the lubri-
cant in the SLIPS over a 7 day
period; (¢) Wetting property of
the SLIPS over a 7 day period;
(d) Changes in oil locking rate
of different polyimide SLIPS
centrifugation for 60 min; (e)
Changes in the sliding angle
of different polyimide SLIPS
centrifugation for 60 min; (f)
Changes in oil locking rate of
SLIPS prepared by blending PI
and KCC-1 by centrifugation
for 60 min; (g) Change of slip
angle of SLIPS centrifugation
prepared by mixing PI and
KCC-1 for 60 min

Fig. 5(d), after rotating at 3000 rpm for 60 min, the oil lock-
ing rate of SLIPS-P1 is only 39.87%, while the remaining
5 groups were all higher than that of SLIPS-P1, because

@ Springer
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silicon oil is similar to the structure of P2-P6 molecular
structure, it has higher affinity for porous rough struc-
tures and meets the principles of similar compatibility. In
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Fig.6 (a) The sliding angle (a)
of different liquids on SLIPS 20
surface (b) Wetting behavior of
milk, sugar water, and juice on
the SLIPS surface. (P4)
15
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water

addition, the oil locking rate of SLIPS-P3-P6 is higher than
that of SLIPS-P2, because the introduction of mesoporous
silica can better lock oil. Compared with SLIPS of through-
hole structure [25, 26], the pores formed by SLIPS-P4 are
small in size and densely distributed, and the honeycomb-
like pores are isolated from the adjacent pores by the film-
like surface to form a single independent micro-structure,
the lubricating oil is separated by a single microstructure,
which can generate a large capillary force, block the loss
of silicone oil, and improve the stability of the lubricating
oil layer on the rough surface, and the oil locking rate is
67.58%. While the content of SLIPS-P5 silica is higher, the
nanoparticles in the cross-linked network tend to be closer

to the pore wall during the self-assembly process, which
destroys the pore wall structure of the original honeycomb,
and the formed porous structure is interconnected. When
subjected to high shear force, the lubricating oil stored in
the open-pore structure is easily lost, and the oil-locking
rate is 53.3%. The sliding angle test was performed on
SLIPSs treated under high shear conditions, as shown in
Fig. 5(e). After simulating high shear conditions, the slid-
ing angle of SLIPS-P1 increased from 10° to 19°, while the
sliding angle of SLIPS-P4 only changed from 2° to 3°. The
oil locking rates of four groups of SLIPS prepared by blend-
ing polyamide acid and mesoporous silica after centrifuga-
tion at 3000 rpm for 60 min were 35%, 34.34%, 37.73%,
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40.58%, and 42% respectively, as shown in Fig. 5(f). The
sliding angles of the four groups of SLIPSs under the condi-
tion of simulating high shear force were 11°, 10°, 7°, and
7°, respectively. The polyimide SLIPS prepared by blending
has poor stability.

Antifouling analysis

Considering the complexity of the real environment, SLIPS
needs to have good anti-fouling ability to effectively pre-
vent various liquid pollutants. Therefore, the sliding angles
of different liquids on different SLIPS were measured. As
shown in Fig. 6(a), the sliding angles of common aqueous
liquids on the SLIPS-P1-P6 surfaces were all lower than
20°. Among them, the sliding angles of various liquids on
the surface of SLIPS-P3, SLIPS-P4, and SLIPS-P5 are all
lower than 10°, and the antifouling ability is good. In order
to further verify the antifouling ability of SLIPS-P4, milk,
sugar water and fruit, juice were dropped on the surface
of the sample piece with an inclination of 8°, after some
time, the liquid slides to the bottom without any residue, as
shown in Fig. 6(b).

Conclusion

In this paper, mesoporous silica was introduced into the
main chain of polyamide acid, combined with the BF, the
porous substrate of polyamide acid was prepared. The effect
of APT-PDMS and the ratio of KCC-1-NH, on the perfor-
mance of polyimide SLIPS was investigated. The results
show that APT-PDMS not only increases the polymer
amphiphilicity, which is conducive to the formation of uni-
form pores during the self-assembly of the polymer, but also
improves the interaction between the lubricating oil and the
substrate; At the same time, the introduction of mesoporous
silica is conducive to the formation of a uniform and dense
closed-cell structure, which improves the ability to store
and lock oil. Among them, the polyimide SLIPS prepared
with KCC-1-NH, ratio of 10% (SLIPS-P4) has the best
comprehensive performance. The SLIPS-P4 has a sliding
angle of 2° and has excellent self-cleaning and antifouling
properties. It is placed in an environment of 100 °C for 7
days, the contact angle changes to 4°, the evaporation rate
is only 0.5%, and under high shear conditions for 60 min,
the oil locking rate of nearly 67.58% can be maintained, The
change of the sliding angle is only 1 °. SLIPS-P4 has a good
oil locking ability and has a certain potential to improve the
service life of SLIPS. This paper provides a facile method to
prepare low-cost, environmentally friendly and stable poly-
imide SLIPS, which is expected to be applied in the fields
of self-cleaning and antifouling.
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